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from BaP(-metabolites) and TCDD to a signature set of 
approximately nine thousand gene expressions derived 
from hepatocellular carcinoma (HCC) patients. While tran-
scriptome modulation by TCDD appeared not significantly 
related to HCC, BaP and BPDE were shown to deregulate 
metastatic markers via non-genotoxic and genotoxic mech-
anisms and activate inflammatory pathways (NF-κβ sign-
aling, cytokine–cytokine receptor interaction). BaP also 
showed strong repression of genes involved in cholesterol 
and fatty acid biosynthesis. Altogether, this study provides 
new insights into BaP-induced toxicity and sheds new light 
onto its mechanism of action as a hepatocarcinogen.
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Benzo(a)pyrene · Hepatocarcinogenesis · BaP metabolites

Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent a large 
group of environmental pollutants formed after incomplete 
combustion of organic material, and many of them suspected 
or unequivocally acknowledged as human carcinogens 
(IARC 1983). Among PAHs, benzo(a)pyrene (BaP) stands 
out as a prototypical human carcinogen, found at high levels 
in cigarette smoke (CS), in polluted water, soil and air and 
also in high-temperature processed meats (IARC 2012).

BaP contributes to approximately 50 % of the total car-
cinogenic potential of the PAH group: occupational expo-
sure for instance is associated with lung, bladder, oral cav-
ity, esophagus, hematolymphatic, skin, lip, pharynx and 
larynx cancers (IARC 2012). Such risks for human health 
motivated the discovery of its main toxic mechanisms, 
which relate to transcriptional activation of the aryl hydro-
carbon receptor (AhR) and many other transcription factor 
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families, as well as to the induction of oxidative stress, 
mitogenic signaling and DNA adduction by its ultimate 
carcinogenic metabolite benzo(a)pyrene-7,8-dihydrodiol 
9,10-epoxide BPDE (Miller and Ramos 2001; van Delft 
et  al. 2010). Molecular aspects and gene transcription 
modulation were largely unraveled due to high-throughput 
techniques applied to several cell models, including lung, 
breast, skin and especially liver (Wilkening et  al. 2003; 
Hockley et  al. 2006; van Delft et  al. 2010; Jetten et  al. 
2013).

However, these studies are mainly focused on the over-
all response to BaP or at most BPDE, while intermediary 
metabolites are disregarded with respect to their poten-
tial contribution to BaP toxicity. Therefore, the main goal 
of our study is to perform time-dependent analysis of the 
induction by BaP in comparison with its major metabolites 
of whole-genome gene expression. Thus, we selected the 
non-genotoxic (NGTX) metabolites 3-hydroxybenzo(a)
pyrene (3-OH–BP) and benzo(a)pyrene-9,10-dihydrodiol 
(9,10-diol) and the genotoxic (GTX) metabolite epoxide 
benzo(a)pyrene-7,8-dihydrodiol 9,10-epoxide (BPDE). 
Also, in order to extract biological responses detached from 
DNA damage routes, we propose a comparative analysis by 
also evaluating the carcinogen 2,3,7,8-tetrachlorodibenzo-
dioxin (TCDD), a non-genotoxicant but also a potent AhR 
agonist. We hypothesized that a portrayal of their respec-
tive effects will provide valuable and novel mechanistic 
information on BaP-induced carcinogenicity.

Besides its implication in several cancers, BaP may also 
be involved in the development of hepatocellular carcinoma 
(HCC) (El-Serag et al. 2008; Altekruse et al. 2009). Epide-
miological studies of smoking cohorts with low prevalence 
of alcohol intake and viral infection show high incidence 
of HCC (Kuper et  al. 2000; Farazi and DePinho 2006; 
Lee et al. 2009) and experimental data from BaP-exposed 
rodents show a causal relationship with the onset of liver 
tumors (IARC 2012). Thus, in order to investigate the 
molecular significance of (non-)genotoxic mechanisms of 
BaP exposure for hepatocarcinogenesis, we compared gene 
expression patterns from BaP(-metabolites) to a recently 
established in vivo signature set from HCC patients com-
prising approximately nine thousand genes (Caiment et al. 
2014). For this, we exploited HepG2 cells, an easy-to-han-
dle hepatoblastoma-derived cell line which has been shown 
to be capable of inducing phase I- and phase II-detoxifi-
cation enzymes necessary for complete BaP metabolism 
and DNA adduct formation (Wilkening et al. 2003). Also, 
HepG2 has been described as a sensitive model for identi-
fying and quantifying DNA-damaging properties of envi-
ronmental and dietary agents (Knasmüller et al. 1998) and 
is able to efficiently discriminate GTX from NGTX com-
pounds by gene expression profiling (van Delft et al. 2004; 
Magkoufopoulou et al. 2011).

Materials and methods

Cell culture and treatment

HepG2 cells purchased from American Type Culture Col-
lection (ATCC, HB-8065) were cultured in minimum 
essential medium (MEM) supplemented with 1  % nones-
sential aminoacid, 1  % sodium pyruvate, 2  % penicillin/
streptomycin and 10  % fetal bovine serum (FBS) in T25 
culture flasks at 37 °C and 5 % CO2. After reaching con-
fluence following 13–15 passages, cells were harvested 
and transferred into new culture flasks. The next day, the 
medium was replaced with fresh medium containing 3 µM 
BaP (CAS no. 50-32-8), 0.3 µM BPDE (CAS no. 55097-
80-8), 3  µM 3-OH–BaP (CAS no. 13345-21-6), 3  µM 
9,10-diol (CAS no. 62600-11-7) or 10  nM TCDD (CAS 
no. 1746-01-6) or vehicle control (DMSO, 0.5 %). Doses 
were selected based on IC20 values following MTT test-
ing. The cells were exposed for 6, 12 and 18  h; thereaf-
ter, the medium was removed from the culture flasks, the 
media discarded and Trizol (Gibco/BRL) added for RNA 
and DNA isolation. Two independent experiments were 
conducted.

Transcriptomic sample preparation and data analyses

RNA and DNA isolation

RNA was isolated from the Trizol solutions according to the 
manufacturer’s guidelines and purified using the RNeasy 
mini kit (Qiagen); the remaining phase was used for DNA 
isolation. RNA and DNA amounts were measured using a 
spectrophotometer, and RNA quality was determined by 
means of a BioAnalyzer (Agilent). Only RNA samples pre-
senting distinct 18S and 28S peaks and RIN values higher 
than 8 were used for labeling and hybridization.

Labeling and hybridization

Labeling and hybridization of RNA samples were per-
formed according to Agilent’s manual for microarrays 
(Agilent Technologies). Samples from BaP, BPDE, 3-OH–
BaP, 9,10-diol or vehicle-treated cells were labeled by 
means of cyanine 3 (Cy3) or cyanine 5 (Cy5). Complemen-
tary RNA of the time-matched treated and control samples 
was applied on the Agilent 4 × 44 K human whole-genome 
microarray platform, hybridized and washed according to 
Agilent’s manual. Slides were scanned using a ScanAr-
rayExpress (Packard Biochip Technologies). To correct for 
technical error and dye-related effects, for each biological 
replicate two hybridizations per time point with swapped 
Cy3 and Cy5 dyes were performed, resulting in 48 
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hybridizations. Further analyses were performed as single 
channel, i.e., data from each dye were analyzed separately 
to remove dye bias.

Image analysis and processing

The images obtained (16-bit tiff) were processed with 
GenePixPro software (Axon Instruments) to quantify 
spot intensities. Quality control and normalization were 
performed on these data using Bioconductor packages 
for R as follows: local background correction, flagging 
of bad spots, controls and spots with too low intensity, 
log transformation to base 2, quantile normalization and 
scaling to correct for differences between the used dyes. 
Genes with >30  % flags for either dye were excluded 
from further analysis, and missing values were imputed 
with K-nearest neighbor imputation (KNN, n = 15). Fur-
thermore, for repeated genes on the microarray expres-
sion, values were merged by taking the median of these 
values.

Limma (linear model for microarray data) was used to 
generate lists of differentially expressed genes between 
control and treated samples, based on moderated t-sta-
tistics with FDR  <0.05 and absolute fold change of 1.5. 
From each list, only genes with consistent direction of 
expression regulation among all replicates were selected. 
A union list containing genes significantly under- and 
over-expressed from all treatments was used for further 
analyses.

Occurrence of differentially expressed genes 
among treatments

In order to assess similarities among treatments and time 
points, we used VennMapper (Smid et al. 2003) to calculate 
Z scores based on the number of overlapping genes which 
have the same direction of regulation. From each sample, 
two separate files containing Z scores for up- and down-
regulated genes were generated, allowing the selection of 
compounds with the most similar expression for each sub-
set (i.e., Z score > 1.96).

Functional annotation and pathway analysis

From the selected genes, matching Entrez Gene IDs 
were used in an overrepresentation pathway analy-
sis using ConsensusPathDB (Kamburov et  al. 2013), 
a meta-database which integrates content from several 
pathway-finding sources. We selected pathways and GO 
terms with corrected Bonferroni p value lower than 0.05 
and at least four candidate genes. Separate analyses for 
up- and down-regulated genes from each treatment were 
conducted.

DNA adduct analysis

DNA adduct levels of BaP(-metabolite)-treated and con-
trol samples were quantified by 32P-postlabelling as 
described elsewhere (Godschalk et al. 1998). Results were 
expressed as DNA adducts/107 nucleotides and presented 
as mean ± standard deviation of two experiments.

Correlation analysis

Log 2-transformed DNA adduct levels were used for cor-
relation analysis with gene expression values from 1913 
genes present in the union list. Pearson correlation coeffi-
cients were calculated using GraphPad Prism v. 5.0; after-
ward, genes with coefficients higher than 0.5 and p value 
<0.01 were selected for pathway analysis as previously 
described.

Results

DNA adduct analysis

Adduct formation was observed only in BaP- and BPDE-
exposed HepG2 cells (Fig. 1). Adduct levels reached their 
maximum after 12  h of BaP treatment and declined after 
18 h. For BPDE, however, maximum levels were observed 
at the earliest time point (6 h).

Alterations in gene expression in HepG2 
following exposure to BaP and its metabolites

BaP and BPDE had the largest effect on the modulation of 
gene expression in HepG2 cells, as reflected by the number 
of differentially expressed genes (DEGs) at each exposure 
time point (Supplementary Data 1). While BPDE exerted 
the highest deregulation at the earliest time point (6  h; 
519 genes), which declined gradually until a minimum 
was reached after 18 h (58 genes), BaP showed an inverse 

Fig. 1   DNA adduct formation in HepG2 cells after exposure to BaP 
and its metabolites, using IC20 doses. Values are mean and standard 
deviation from two independent experiments
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response, with an increasing DEGs number over exposure 
time reaching a maximum of 908 genes at time point 18 h. 
9,10-Diol presented a temporal expression pattern similar 
to BaP, although to a lesser extent, regarding the number of 
DEGs. 3-OH-BP, however, did not alter expression of any 
gene after 6 h and <10 genes were modulated after 12 and 
18 h.

From each set of DEGs, up- and down-regulated genes 
were used to respectively retrieve over-represented path-
ways following BaP, 9,10-diol and BPDE treatments. An 
overview of deregulated pathways is represented in Fig. 2. 
A detailed description of deregulated pathways is available 
via the Supplementary Data 1.

Several TF networks were identified to be enriched at 
at least one exposure time point: AP-1, ATF-2, TNF-α, 
TGF-β, p53 and HIF-1α. Besides BaP, 9,10-diol was also 
capable of inducing the AhR transcriptional battery, as 
reflected by significant up-regulation of the AhR/ARNT 
targets CYP1A1 and NQO1. Along with AhR, Nrf2 tran-
scription factor was also activated by these compounds 
(enhancing HMOX-1, GCLC and GCLM expression). 
Oxidative stress signaling was activated by both BaP and 
9,10-diol treatments, notably increasing TXNRD1, SRXN1 
and the aforementioned HMOX-1, among others. 9,10-Diol 
and BaP-altered gene expressions generally involved lipid 
metabolism (“adipogenesis,” “glycerolipid metabolism,” 
“metabolism of lipids and proteins”); the latter showed 
also a major effect on the repression of several genes 

specifically involved in cholesterol, steroid, triacylglycer-
ides, phospho- and glycero-lipids metabolism.

At the earliest time point, BPDE exposure appeared to 
induce a unique set of pathways, including some involved in 
cell energetic metabolism, cell cycle and DNA repair—the 
latter only affected by BPDE treatment at this specific time 
point. At 12 and 18 h, BPDE exposure induced a set of path-
ways similar to those deregulated by BaP treatment. In both 
treatments, p53-regulated genes responsive to DNA damage 
stimulus such as SESN1, CDKN1A and BTG2 were found to 
be up-regulated at at least one time point—while CDKN1A 
was increased at all three time points by both treatments. 
Expression of genes involved in nucleotide excision repair 
(e.g., ERCC5, PCNA) was only affected at the earliest time 
point of BPDE exposure. Apoptotic pathways were enriched 
by both treatments as well, as represented by the expression 
of pro-apoptotic genes (FAS, TNFRSF10B, BAX, CASP8) 
and the repression of the anti-apoptotic gene BIRC5. Anti-
apoptotic response was also observed through the up-regu-
lation of caspase inhibitor BIRC3.

Correlation analysis between DNA adducts and gene 
expression modulation resulted in 114 genes—52 posi-
tively and 62 negatively associated with DNA damage 
(Supplementary Data 1). Strong associations were observed 
for negative regulators of p53 signaling (PPM1D, MDM2), 
pro-apoptotic (BBC3) and antiproliferative (BTG2) genes. 
The strongest negative correlation was observed for 
COMMD1, a NF-κβ repressor.

Fig. 2   Main pathways affected by exposure to BaP and its NGTX 
metabolite, 9,10-dihydrodiol and its GTX metabolite BPDE, at least 
one time point tested (6, 12 or 18 h). Line thickness between nodes 

is relative to statistical significance. NGTX and GTX: pathways trig-
gered by non-genotoxic and genotoxic metabolites, respectively
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Gene expression equivalence between BaP(‑metabolites) 
and TCDD

BaP exposure for 6  h significantly induced a large set of 
genes in common with either TCDD (after 12 h of expo-
sure) and 9,10-diol (after 6  h of exposure), which belong 
to a gene cluster regulated in response to AhR and Nrf2 
activation (see Supplementary Figure 1). TCDD and 9,10-
diol deregulated processes linked to activation of the same 
TF batteries also at later time points, although to a lesser 
extent. The impact of DNA damage on gene expression 
(as observed by similarity scores with BPDE) is consider-
able in regard to gene expression, linked only to relatively 
late responses (12 and 18 h) and directed to a p53 effective 
response. Although the trend of Z scores distribution is very 
similar between up- and down-regulated genes among all 
compounds—including TCDD—in comparison with BaP, 
BPDE at the earliest time point again showed a very unique 
pattern. While upregulated genes were poorly related to 

BaP exposure, genes downregulated by BPDE showed 
a significant amount of overlap with 12  h BaP treatment, 
which was the largest cluster found among all comparisons. 
At 12 h and 18 h of exposure, although expression of AhR- 
and Nrf2-related features was still high and very similar 
to TCDD (mid and late time points), 9,10-diol showed a 
decreased induction of AhR genes and increased alterations 
of gene expressions associated with lipid metabolism and 
oxidative stress.

BaP and 9,10-diol treatments generated gene expres-
sion profiles which showed the highest similarity to those 
induced by TCDD (Supplementary Figure  2). Approxi-
mately 70 % of total gene modulation induced by 9,10-diol 
was shown to be overlapping with TCDD-induced gene 
expressions (Fig. 3); regulation of AhR, HIF-1α, AP-1 and 
Nrf2 transcriptional batteries was among the affected pro-
cesses. Pathway analysis of genes overlapping between 
BaP and TCDD exposures also showed similar responses, 
covering all aforementioned pathways and an additional 

Fig. 3   Venn diagrams representing the number of differentially expressed genes (DEGs) in common between TCDD and a BaP, b 9,10-diol and 
c BPDE considering direction of modulation (up- or down-regulated)
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set of pathways (e.g., “RANKL-RANK pathway,” “ATF-2 
transcription factor pathway,” “Regulation of androgen 
receptor activity,” among others) (Supplementary Data 2). 
Despite this overlap, a large gene set remained after sub-
traction of the TCDD expression signature, and even after 
removal of the genotoxic signature (i.e., BPDE-related 
gene expression), a group of almost 800 genes was found 
to be exclusively modulated by BaP treatment (Supplemen-
tary Data 3). These particular genes were found to play a 
role in several pathways, related to amino acid, lipid and 
cholesterol metabolism, as well as to p53, oxidative stress 
and apoptotic signaling.

Promotion toward HCC status

In order to evaluate the contribution of BaP and/or its 
metabolite to the onset of hepatocarcinogenesis, we com-
pared DEGs for each compound and time of exposure to 
a transcriptome signature from liver biopsies of ten HCC 
patients compared to healthy patients (Caiment et al. 2014). 
The signature comprises 8934 genes which are consistently 
regulated in all 10 patients (up- or down-regulated among 
all samples), regardless of any fold change or p value cut-
off. A union list of DEGs from all time points for each 
compound shows that BaP (208 DEGs) and BPDE (130) 
induced the majority of nonredundant genes with the same 
direction of expression as HCC, followed by TCDD (36) 
and 9,10-diol (23).

BaP presented the largest unique set of induced gene 
expressions in overlap with the HCC signature, not shared 
by any other BaP metabolite or TCDD. Pathways associ-
ated with HCC and involved in lipid metabolism (e.g., 
metabolism of lipid and lipoproteins and arachidonic 
metabolism), as well as genes related to p53 response, were 
significantly affected after 12 and 18  h of BaP exposure. 
BPDE also caused a myriad of unique gene expression 
modifications overlapping with the HCC signature, which 
are linked to cell cycle (e.g., G1/S transition, cell cycle, M/
G1 transition), metabolism (e.g., aminosugars metabolism, 
hexose/glucose transport) and DNA metabolism. Genes 
upregulated by 9,10-diol and over-expressed in HCC were 
also found among the BaP-induced DEGs (e.g., CYP24A1, 
TXNRD1) and also in the TCDD-associated gene set 
(NQO1, GCNT3 and STC2).

 Interestingly, TCDD exclusively modulated a cluster of 
13 genes (i.e., not found in any other treatment) into the 
same direction as in the HCC signature, including mem-
brane trafficking regulators (OPTN), nuclear-cytoplasmic 
transporters (MVP) and genes encoding structural proteins 
(COMP, TNNI2 and MAPT).

Also, DNA damage seems to influence repression/over-
expression of HCC features. From the 114 genes signifi-
cantly correlated to DNA adduct levels, 15 were also found 

in the HCC signature demonstrating the same direction of 
expression. Genes that were expressed in association with 
DNA damage but are not directly linked to repair or cell 
cycle arrest were found to encode for transcriptional regu-
lators (ZNF79), enzymes from primary metabolism clus-
ter (TIGAR), solute carriers (MMD, SLC6A14) and others; 
repressed genes included MSRA and ZHX3.

Discussion

In this study, we evaluated gene expression changes in a 
liver cell model in response to BaP and three of its metabo-
lites. Primary metabolites of BaP include epoxides, dihy-
drodiols, phenols and quinones, besides a substantial 
amount of transient intermediary metabolites (Miller and 
Ramos 2001). To assess the contribution of stable metabo-
lites to the overall BaP-related toxicity, we analyzed altera-
tions induced by a phenol (3-OH–BaP), a dihydrodiol 
(9,10-diol) and a diol epoxide (BPDE). BPDE being the 
major DNA adduct-forming metabolite, 3-OH–BaP and 
9,10-diol are generated in a considerable amount and are 
described as substrates for further metabolic conversion, 
resulting in catechols and quinones (Miller and Ramos 
2001). In order to grasp the potential contribution of these 
non-genotoxic metabolites to BaP toxicity, we separately 
evaluated transcriptomic effects of TCDD, a potent, non-
genotoxic AhR agonist with carcinogenic properties, to 
compare patterns of gene expression modulation.

BaP-exposed cells showed DNA adduct formation at 
levels comparable to BPDE-treated cells (Fig.  1); while 
BaP requires multiple enzymatic steps, and consequently, 
more time to be converted into BPDE, direct exposure to 
this metabolite resulted in almost instant DNA adduction. 
In spite of several studies describing HepG2 as a model 
with limited biotransformation capacity (Jover et al. 1998; 
Wilkening et al. 2003), our results showed that HepG2 cells 
were indeed capable of activating these drug-metabolizing 
enzymes and fully responded to the BaP stimulus, resulting 
in extensive modulation of gene expression.

3-OH–BaP, considered the major hydroxylated metabo-
lite resulting from BaP metabolism, had limited effect on 
gene expression of HepG2 cells, inducing only a few genes 
which appeared mainly involved in adaptive responses to 
oxidative stress: AKR1B10, SRXN1 and GCLM. Although 
this response may seem compatible with the hypothetical 
formation of quinones, these compounds can be rapidly 
interconverted into more unstable compounds, and thus, 
these alterations may be a result of a transient stimulus. 
Also, even though a previous report showed 3-OH–BaP to 
be a potent ligand for the estrogen receptor (Charles et al. 
2000; Fertuck et al. 2001), no alteration in mRNA levels of 
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this particular gene was observed in this study, possibly as 
a result of low dose used (IC20).

As a non-genotoxic compound, mechanisms of TCDD-
induced carcinogenesis are not yet fully understood, but 
increase in ROS formation, hormonal imbalance and altera-
tion of cell proliferation and differentiation were reported 
as outcomes from TCDD exposure (Hernández et al. 2009), 
not to mention the still unclear role played by AhR in neo-
plastic transformation (Boffetta et  al. 2011). Besides the 
broad effects in gene expression—which resulted in alter-
ations of several TF networks, including ATF-2, AP-1, 
HIF-1α, p53—9,10-diol stood out due to the high similar-
ity of its induced gene expression modifications to those 
caused by TCDD exposure and due to its ability to act as 
an AhR agonist. It was capable of inducing the AhR tar-
gets CYP1A1 and NQO1 at levels comparable to BaP and 
even TCDD (2 and 12 times; 2 and 13 times, respectively). 
Moreover, activation of Nrf2 transcription battery and 
upregulation of antioxidant enzymes indicate that 9,10-diol 
and/or its downstream metabolites induce oxidative dam-
age. Thus, 9,10-diol and probably other dihydrodiols may 
play a key role in early BaP toxicity through non-genotoxic 
(and possibly AhR-mediated) routes, promoting oxidative 
stress and amplifying its harmful effects by positively regu-
lating its conversion into toxic metabolites.

However, most transcriptomic alterations are likely 
to be related to genotoxic mechanisms, since BaP and 
BPDE modulated the largest number of DEGs. Interest-
ingly, although both treatments resulted in DNA damage, 
only BPDE (at 6 h of exposure) induced a distinctive clus-
ter containing genes from the DNA repair machinery. This 
is noteworthy since in mammalian cells induction of such 
genes is quite limited: First, activation and/or enhancement 
of repair activity relies mostly on posttranslational modi-
fications (PTMs); second, transcriptional activation is only 
observed in a narrow genotoxicant dose range, since exten-
sive DNA lesions can block their transcription (Christmann 
and Kaina 2013). In addition to DNA repair pathways, only 
BPDE activated the pentose phosphate pathway (PPP) and 
the ATM-dependent DNA damage response. Both pathways 
were shown to closely cooperate in response to double-
strand breaks (DSB) in DNA: ATM recruits and activates 
the PPP pathway, which increases the input of nucleotides 
to be used during the replacement of damaged DNA bases 
(Cosentino et  al. 2011). Thus, our results suggest that in 
contrast to BaP, where the cell can quickly adapt to increas-
ing levels of genotoxicant, abrupt stimuli induced by BPDE 
have resulted in extensive DNA damage which triggered 
enhanced expression of genes necessary for DNA repair in 
order to protect the cell against future challenges (Lei et al. 
2007).

Despite this singularity, transcriptional repression 
was observed both during BaP and BPDE challenges, 

in particular when high levels of DNA adduction were 
formed. BaP (12 h) and BPDE (6 h) shared a total of 157 
downregulated genes, from which a small gene cluster 
related to “regulation of RhoA activity,” “Rho GTPase 
cycle” and GTPase molecular functions was found. Rho 
GTPases are mainly related to cell morphology and regula-
tion of actin cytoskeleton, but there is also strong evidence 
of their roles in gene expression, cell proliferation and sur-
vival (Sahai and Marshall 2002). Repression of such genes 
may be indicative of cell cycle arrest and increased apop-
totic response following extensive DNA damage, but may 
also be a consequence of transcriptional blockage due to 
the presence of repair machinery at these genomic sites.

Interestingly, genes associated with BaP-/BPDE-induced 
DNA lesions were also found to be similarly expressed 
in the HCC signature. Methionine sulfoxide reductase A 
(MSRA) and ZHX3, both down-regulated in the HCC sig-
nature and negatively correlated with adduct formation, 
were recently described as neoplastic markers in liver (Lei 
et  al. 2007; Yamada et  al. 2009). In contrast, expression 
of TIGAR, a p53-regulated multifunctional protein with a 
wide range of activities (including aid to DNA repair, orga-
nelle degradation, sugar metabolism shunt from glycolysis 
into pentose phosphate pathway, among others), was found 
to be up-regulated in HCC and positively correlated with 
DNA lesions induced by BPDE. TIGAR overexpression is 
also linked to increased glycolytic rate and decreased cell 
death, important (emergent) cancer hallmarks (Bensaad 
et  al. 2006). Thus, it is evident that some genes engaged 
(in)directly in DNA repair may perform other intracellular 
roles, thereby influencing progression toward HCC.

Although BaP and BPDE specifically induced the largest 
cluster of overlapping genes with the HCC signature, fortu-
itous gene overlay is to be expected when comparing large 
expression datasets. Thus, we applied VennMapper to the 
HCC signature and our DEGs list: Gene expression dereg-
ulated by BaP (at 12 and 18 h of exposure), by 9,10-diol 
(at 12 h) and by BPDE (at18 h) surpassed the threshold of 
significance, mostly with regard to upregulated genes (Sup-
plementary Figure 3). Interestingly, extensive gene modula-
tion caused by TCDD did not show a significant similarity 
to HCC. This phenomenon also discards the suggestion of 
false positives or overlapping solely by chance. Although 
high levels of AhR mRNA have been described in many 
cancers and play a major role in the onset of rodent hepato-
carcinomas (Safe et al. 2013), we did not find any relation 
between TCDD-mediated AhR activation and the in  vivo 
HCC signature.

 Pathway analysis (Table  1) showed “hemostasis,” 
“NF-KB signaling” and “cytokine–cytokine receptor 
interaction” as processes from upregulated genes and 
“metabolism”/“metabolism of lipids and lipoproteins” from 
downregulated genes—with BaP as the main modulator. 
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Notably, mid-term and late-term BaP treatments resulted 
in impairment of several lipid biosynthetic processes, 
both general and specific. Enzyme-coding genes from sev-
eral reactions along the cholesterol biosynthetic pathway 
were found to be downregulated, including HMGSC1 and 
DHCR24, which catalyze the first and the last enzymatic 
steps, and HMGCR, a rate-limiting enzyme from meva-
lonate pathway. HMGCR and other repressed genes such as 
LSS and GPAM (triacylgliceride metabolism) are targeted 
by the sterol regulatory element-binding protein and TF 
SREBF-1, also repressed. This is similar to previous find-
ings using HepG2 as well as other liver models, i.e., cul-
tured primary human hepatocytes and HepaRG subjected 
to BaP exposure, which showed “cholesterol biosynthesis” 
as a downregulated process (van Delft et  al.; Jetten et  al. 
2013). BaP was recently pointed as the cause of decreased 
plasma concentrations of high-density lipoprotein choles-
terol (HDLc) in smokers, suppressing apolipoprotein A-I 
mRNA levels in an AhR-dependent mechanism (Naem 
et al. 2012). In fact, 5 apolipoprotein genes appeared as dif-
ferentially expressed compared to controls, 3 of them being 
repressed (APOC3, APOA5 and APOB). Decreased plasma 
levels of not only (apo)lipoproteins, but also triglycer-
ides, cholesterol and free fatty acids are often observed in 
HCC patients (Jiang et  al. 2006). Thus, our results sug-
gest that BaP exposure may have distressful effects on 
lipid metabolism, given the significant similarity to a con-
dition where such alterations reflect hepatic impairment. 

Furthermore, these processes do not seem to be mediated 
by AhR or entirely by DNA damage. After subtraction of 
BPDE-related and TCDD-related (i.e., GTX and NGTX 
paths) gene signatures, these processes still appeared in the 
remaining BaP-associated gene set (Supplementary Data 
3), which points to paths independent of AhR activation or 
DNA damage and is an indicative of a complex response of 
(groups of) metabolites or even BaP itself.

Furthermore, BaP and metabolites were also shown to 
relate to HCC by activating cancer-related transcription 
factor networks involved in proliferation and inflammation 
(e.g., AP-1, HIF-1, ATF-2 and NF-κβ). Interestingly, a clear 
regulation loop for SNAI-CDH1 is observed only in BaP-
exposed cells, with increased expression of SNAI after 6 
and 12  h, following decreased expression of CDH1 at 12 
and 18  h. SNA1 is induced by HIF-1 and acts as potent 
repressor of CDH1 (whose protein product is a mediator 
of cell–cell adhesion) and inducer of metalloproteinases 
involved in tissue modeling (Semenza 2003; Zheng et  al. 
2013), which may also point a role on cell migration and 
metastasis.

In conclusion, here we show that BaP is capable of 
promoting a HCC-like scenario in HepG2 through AhR-
mediated and genotoxic mechanisms, with impairment of 
important liver attributions and induction of notoriously 
poor prognostic features in neoplasms. Although these 
may seem transient alterations, it is important to consider 
that BaP omnipresence in environment and food imposes 

Table 1   Genes significantly 
altered by at least 1.5-fold in 
response to BaP with same 
direction of regulation in 
HCC signature set and their 
respective biological processes

Genes in bold were also modulated in exposure(s) to metabolites

Pathway Up Down

Hemostasis CD58 DGKG GATA6

SLC3A ITGA2

LRP8 MAFF

PLAU

NF- κβ signaling ICAM1 RELB –

TAB 3 BIRC3

TNFRSF11A

Cytokine–cytokine receptor  
interaction

CCL20 IL11 –

TNFRSF10B TNFRSF12A

TNFRSF21

Metabolism SLC25A28 TALDO CA5A BCKDHB

GLS B3GNT3 BHMT ALDH6A1

SMOX NQO1 ENO3 ADH6

Metabolism of lipids and lipoproteins ABCC1 ACER3 LIPC LCAT

TXNRD1 GLA PNPLA3 SREBF1

NFYA CYP24A1 CYP8B1 GPAM

LSS MSMO1

PEMT EPHX2

AKR1D1
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constant accumulation of exposure. In a long-term context, 
harmful activities of BaP and its metabolites may reach a 
point where alterations may be irreversible possibly initi-
ating HCC. Thus, the BaP-induced transcriptomic changes 
observed in this study and framed into a neoplastic scenario 
provide important information on the mechanisms of BaP-
induced hepatocarcinogenesis.
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